Heat shock factor 1 (HSF-1) and forkhead box O (FOXO) are key transcription factors that protect cells from various stresses. In Caenorhabditis elegans, HSF-1 and FOXO together promote a long life span when insulin/IGF-1 signaling (IIS) is reduced. However, it remains poorly understood how HSF-1 and FOXO cooperate to confer IISmediated longevity. Here, we show that prefoldin 6 (PFD-6), a component of the molecular chaperone prefoldin-like complex, relays longevity response from HSF-1 to FOXO under reduced IIS. We found that PFD-6 was specifically required for reduced IIS-mediated longevity by acting in the intestine and hypodermis. We showed that HSF-1 increased the levels of PFD-6 proteins, which in turn directly bound FOXO and enhanced its transcriptional activity. Our work suggests that the prefoldin-like chaperone complex mediates longevity response from HSF-1 to FOXO to increase the life span in animals with reduced IIS.
The insulin/IGF-1 signaling (IIS) pathway regulates life span in many species, including Caenorhabditis elegans, Drosophila, and mammals (Kenyon 2010; . In C. elegans, inhibition of daf-2, an insulin/IGF-1 receptor homolog, or its downstream phosphoinositide 3-kinase cascade components substantially increases life span (Kenyon et al. 1993; Antebi 2007; Kenyon 2010) . The longevity conferred by reduced IIS is mediated by the activation of transcription factors, including the DAF-16/forkhead box O (FOXO) transcription factor, which results in the induction of its target genes (Kenyon et al. 1993; Kenyon 2010) . Heat shock transcription factor 1 (HSF-1) also acts downstream from IIS to regulate longevity (Hsu et al. 2003; Morley and Morimoto 2004; Cohen et al. 2006; Kenyon 2010; Chiang et al. 2012; Seo et al. 2013) . Activation of HSF-1 induces genes encoding molecular chaperones, including HSP70 and HSP90 family members and small heat shock proteins, for the maintenance of protein homeostasis. HSF-1 and DAF-16/FOXO act together in part to promote longevity by the transactivation of common targets, most notably small heat shock proteins that contribute to longevity (Hsu et al. 2003; Murphy et al. 2003) . In addition, the up-regulation of HSF-1 in neurons increases the activity of DAF-16/FOXO in other tissues in a cell-nonautonomous manner, which is crucial for extending life span (Douglas et al. 2015) . Nevertheless, how HSF-1 and DAF-16/FOXO cooperate to exert their longevity response remains poorly understood.
In addition to classical heat shock proteins whose expression is regulated by HSF-1, other chaperones and chaperonins contribute to protein homeostasis. For example, the prefoldin complex functions as a molecular chaperone for various essential proteins (Boulon et al. 2010; Lundin et al. 2010) . In eukaryotes, the prefoldin complex is composed of six protein subunits: two α-type subunits and PFD-5) and four β-type subunits (PFD-1, PFD-2, PFD-4, and PFD-6) (Boulon et al. 2010; Lundin et al. 2010) . The prefoldin complex binds to nascent polypeptide chains of cytoskeletal proteins, actins, and tubulins to help transfer these proteins to the group II chaperonin, TRiC (TCP1 ring complex)/CCT (chaperonin-containing TCP1) for proper folding (Boulon et al. 2010; Lundin et al. 2010) in the cytoplasm. Several prefoldin subunits have other functions in addition to those as components of the prefoldin complex. Mammalian PFD-2 and PFD-6 are components of the R2TP (Rvb1, Rvb2, Tah1 [TPR-containing protein] , and Pih1 [protein interacting with Hsp90])/prefoldin-like complex (Cloutier et al. 2009 ). The R2TP/prefoldin-like complex is required for the assembly of noncytoskeletal complexes, such as RNA polymerase II in the cytoplasm (Boulon et al. 2008 (Boulon et al. , 2010 Cloutier et al. 2009 ). In addition, several components in prefoldin and R2TP/prefoldin-like complexes function as transcription cofactors acting in the nucleus (Millan-Zambrano and Chavez 2014) . Despite the important roles of prefoldin and R2TP/prefoldin-like complex subunits in various cellular functions, their roles in aging and life span regulation remain unknown.
In the present study, we functionally characterized the life span-regulating role of C. elegans prefoldin-6/PFD-6, which we identified from a genome-wide hsf-1 modifier RNAi screen. We showed that pfd-6 was required for life span extension conferred by daf-2 mutations. We found that pfd-6 expression in the intestine and hypodermis was required for daf-2(−) longevity. We showed that PFD-6-containing R2TP/prefoldin-like complex contributed to the longevity of daf-2 mutants. Furthermore, PFD-6 was up-regulated in daf-2(−) mutants. We then showed that PFD-6 up-regulated DAF-16/FOXO through physical interaction to induce a subset of DAF-16/FOXO target genes. Thus, PFD-6 appears to extend the life span in animals with reduced IIS by mediating longevity response from HSF-1 to DAF-16/FOXO.
Results

A genome-wide RNAi screen identifies genes that affect longevity conferred by reduced IIS
We sought to identify novel longevity genes that interacted with hsf-1. To this end, we performed a genome-wide RNAi screen using reduction-of-function hsf-1(sy441) mutants, which display a temperature-sensitive sterility phenotype (Hajdu-Cronin et al. 2004) . We identified 17 RNAi clones that enhanced the sterility of the hsf-1 mutants compared with wild-type animals at 20°C (Supplemental Table S1 ). We then tested whether any of these RNAi clones affected longevity conferred by daf-2/insulin/IGF-1 receptor mutations, which up-regulate HSF-1 and require HSF-1 for exerting longevity (Hsu et al. 2003; Morley and Morimoto 2004) . RNAi targeting each of five genes-pfd-6, fat-7 (fatty acid desaturase 7) , C54C8.3/acetylgalactosaminyltransferase, vps-4 (vacuolar protein sorting 4), and ntl-2/CCR4-NOT transcription complex subunit-decreased the life span of the daf-2 mutants at least 10% greater than that of wild type (Fig. 1A-F) ; these extents are similar to the effects of RNAi targeting hsf-1 or daf-16 (Fig. 1A) . Thus, our genetic screen identified novel hsf-1-interacting genes required for longevity caused by reduced IIS.
pfd-6 is specifically required for the longevity of daf-2(−) and osm-5(−) mutants
We further determined the requirement of these genes for daf-2(−) longevity using available mutants (Supplemental Fig. S1A-D) . Strong loss-of-function alleles of pfd-6 cause semiembryonic lethality and larval arrest phenotypes (Supplemental Fig. S2A ). We therefore characterized a point mutant allele of pfd-6(gk493446) that causes a Thr16-to-isoleucine (T16I) change in a highly conserved PFD-6 (Supplemental Fig. S2B -E). Similar to pfd-6 RNAi, pfd-6(gk493446) mutations substantially decreased the life span of daf-2 mutants but had a little effect on that of the wild type (Supplemental Fig. S1A ). In addition, pfd-6 mutation and/or RNAi knockdown suppressed the long life span of daf-2 mutants with or without 5-fluoro-2 ′ -deoxyuridine (FUdR) ( Fig. 2A,B; Supplemental Fig. S2F , G); FUdR is used for preventing C. elegans reproduction in life span assays (Park et al. 2017 ). Thus, pfd-6 is required for the longevity of daf-2(−) mutants.
We asked whether pfd-6 was required for the longevity of various other long-lived mutants; these include sensorydefective osm-5 mutants, dietary-restricted eat-2 mutants, mitochondrial respiration-impaired isp-1 mutants, TOR downstream rsks-1/S6 kinase mutants, HIF-1-hyperactive vhl-1 mutants, and HSF-1-hyperactive hsb-1 mutants. We found that pfd-6 RNAi decreased the longevity of osm-5 mutants (Fig. 2C) while not decreasing the life span of the other tested long-lived mutants ( Fig. 2D-H ; Supplemental Fig. S2H ; see figure legends for discussion). Because impaired sensory neuron-mediated longevity also acts through IIS (Jeong et al. 2012) , these data suggest that pfd-6 influences life span by acting mainly through IIS.
PFD-6 in the intestine and hypodermis is required for daf-2(−) longevity Next, we characterized transgenic animals that expressed pfd-6::GFP under a pfd-6 promoter (pfd-6p::pfd-6::GFP). PFD-6::GFP fusion protein was localized in both the cytosol and nuclei of intestinal, hypodermal, muscle, and neuronal cells throughout the developmental stages ( Fig. 3A ; Supplemental Fig. S3A ). The pfd-6::GFP transgene restored longevity in pfd-6; daf-2 mutants (Supplemental Fig. S3B ) while having a marginal effect on the wild-type life span (Supplemental Fig. S3C ). We then asked in which tissues pfd-6 was required for the longevity of daf-2(−) mutants using tissue-specific RNAi systems (Qadota et al. 2007; Calixto et al. 2010) . As expected, dsRNA of pfd-6 had little effect on the life span of RNAi-defective rde-1(−) or systemic RNAi-defective sid-1(−) mutants (Supplemental Fig. S3D ,E). We found that intestine-or hypodermis-specific pfd-6 RNAi significantly decreased the long life span of daf-2(−) mutants but not that of daf-2(+) control animals ( Fig. 3B,C) . In contrast, muscle-or neuron-specific knockdown of pfd-6 hardly affected the life span in control or daf-2(−) mutant backgrounds (Fig. 3D,  E) . Thus, together with the expression pattern of pfd-6:: GFP (Fig. 3A) , pfd-6 in the intestine and hypodermis appears to contribute to the longevity of daf-2 mutants.
PFD-6 as a component of the R2TP/prefoldin-like complex contributes to longevity Mammalian PFD-6 acts as a subunit of R2TP/prefoldinlike and prefoldin complexes (Fig. 4A) . By performing a large-scale yeast two-hybrid screen, we found that PFD-6 bound various proteins, including F35H10.6/UXT and PFD-5, homologs of R2TP/prefoldin-like and prefoldin complex components, respectively ( Fig. 4B ; Supplemental Table S7 ). Thus, C. elegans PFD-6 appears to be a subunit of R2TP/prefoldin-like and prefoldin complexes, similar to that in other species (Lundin et al. 2010; Millan-Zambrano and Chavez 2014) . We then examined whether daf-2(−)-induced longevity was affected by RNAi targeting various components of these two complexes ( Fig.  4A ; Supplemental Fig. S4A,B) . We found that the full longevity of daf-2(−) mutants was decreased by RNAi knockdown of ruvb-1, ruvb-2, or uri-1 (Fig. 4C-E) . We also found that knockdown of pfd-2 modestly decreased the longevity conferred by daf-2 mutations (Fig. 4F ). In addition, the life span-shortening effects of ruvb-1 RNAi, ruvb-2 RNAi, or uri-1 RNAi were not additive to those of pfd-6 mutations (Supplemental Fig. S4D-F) . In contrast, RNAi clones targeting prefoldin complex-specific components showed minimal effects on longevity (Supplemental Fig.  S4H -K). These data suggest that the R2TP/prefoldin-like complex, rather than the prefoldin complex, contributes to the long life span of daf-2(−) mutants. daf-2 mutations increase PFD-6 levels in an HSF-1-dependent manner
We next asked whether reduced IIS affected the level of PFD-6 and found that the PFD-6::GFP level was increased by genetic inhibition of daf-2 using fluorescence imaging and Western blot assays ( Fig. 5A-E) . Importantly, we showed that this increase was suppressed by hsf-1 RNAi ( Fig. 5A,B; Supplemental Fig. S5 ). In contrast, daf-16 RNAi did not affect the level of PFD-6::GFP ( Fig. 5A,B ; Supplemental Fig. S5 ). Different from the PFD-6 protein level, the pfd-6 mRNA level was not changed in daf-2 mutants (Fig. 5F ). These data suggest that inhibition of daf-2 up-regulates PFD-6 protein levels via HSF-1.
PFD-6 regulates the expression of a large subset of DAF-16/FOXO target genes in daf-2 mutants wondered whether pfd-6 influenced global gene expression in daf-2(−) mutants. By performing mRNA sequencing (mRNA-seq), we identified 189 up-regulated and 162 down-regulated genes in daf-2 mutants whose expression was dependent on pfd-6 (fold change >1.5 and <0.67 for up-regulated and down-regulated genes, respectively; P < 0.05) ( Fig. 6A ; Supplemental Fig. S6A-D) . Gene ontology (GO) analysis using these genes identified several enriched GO terms, including flavonoid biosynthetic process among up-regulated genes and centriole replication among down-regulated genes (Fig. 6B,C) . We then examined which longevity factors in IIS acted together with PFD-6. Specifically, we compared the transcriptome regulated by PFD-6 in daf-2(−) in this study with those regulated by DAF-16/FOXO (Riedel et al. 2013; Chen et al. 2015) , SKN-1/NRF , and SMG-2/UPF1 , which are crucial for longevity conferred by reduced IIS (Kenyon 2010; Blackwell et al. 2015; . Interestingly, genes differentially regulated in daf-2 mutants by PFD-6 displayed a highly significant overlap with those regulated by DAF-16/FOXO but not with those regulated by SKN-1/NRF or SMG-2/UPF1 ( Fig We also found that the consensus sequence of the DAF-16-binding element (DBE) was significantly enriched in the 5 ′ upstream regions of pfd-6-dependent up-regulated genes in daf-2(−) mutants ( Fig.  6N ; Supplemental Fig. S6O ,P). Together, these data suggest that PFD-6 regulates the expression of a subset of DAF-16/FOXO target genes in daf-2(−) mutants.
PFD-6 appears to increase the activity of DAF-16/FOXO via physical interaction Next, we asked how PFD-6 affected the activities of DAF-16/FOXO. First, we established that knocking down hsf-1 or daf-16 in the intestine, hypodermis, or muscles significantly decreased the long life span of daf-2 mutants ( Fig (Libina et al. 2003; Zhang et al. 2013 ) and our tissue-specific pfd-6 RNAi data (Fig.  3B ,C), PFD-6 appears to act with HSF-1 and DAF-16 in common tissues, such as the intestine and hypodermis.
We next tested whether pfd-6 affected any of several known DAF-16/FOXO activation mechanisms, nuclear translocation, increases in the protein level, and regulation of transcriptional activity via physical binding . We found that the genetic inhibition of pfd-6 did not affect the subcellular localization of DAF-16/FOXO (Fig. 7E ,F) while having variable effects on the level of DAF-16/FOXO (Supplemental Fig. S7E-H) . We then showed that PFD-6 bound to DAF-16/FOXO by using yeast two-hybrid and split GFP system assays (Fig. 7G, H; Supplemental Fig. S7I, J) . In contrast, PFD-6 did not bind HSF-1 (Fig. 7I ), and this result is consistent with our data suggesting that HSF-1 acts upstream of PFD-6 to regulate its protein level ( Fig. 5A,B ; Supplemental Fig. S5 ). Together, these data suggest that HSF-1 up-regulates 
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Considering our data suggesting that pfd-6 mediates the longevity effects of HSF-1, it is surprising to find that genetic inhibition of pfd-6 did not decrease the longevity of rsks-1 or hsb-1 mutants, which require HSF-1 for a longer life span (Chiang et al. 2012; Seo et al. 2013) . We speculate that up-regulation of HSF-1 by rsks-1 and hsb-1 mutations may affect pfd-6 differently than that by daf-2 and osm-5 mutations, which will be interesting to examine in future studies. See Supplemental Table S3 for statistical analysis and additional repeats.
PFD-6, which increases the activity of DAF-16/FOXO (likely through physical interaction) and promotes the longevity of daf-2 mutants. Discussion PFD-6 mediates the cross-talk between HSF-1 and DAF-16/FOXO for longevity HSF-1 and DAF-16/FOXO are key longevity-promoting transcription factors that act in the IIS pathway. Although the functional relationship between HSF-1 and DAF-16/ FOXO for longevity regulation has been established, how HSF-1 and DAF-16/FOXO communicate with each other has remained incompletely understood. In this report, we showed that C. elegans PFD-6 acted as a key life span regulatory protein that mediated cross-talk between HSF-1 and DAF-16/FOXO in the IIS pathway.
Previous studies have indicated that C. elegans HSF-1 and DAF-16/FOXO transcription factors act both separately and together in IIS to elicit physiological responses. HSF-1 is up-regulated in worms with reduced IIS via dissociation from its inhibitory factors, such as DDL-1 (Chiang et al. 2012) . Inhibition of IIS promotes the translocation of DAF-16/FOXO from the cytoplasm to the nucleus and increases DAF-16/FOXO activity via diverse regulators (Kenyon 2010; Murphy and Hu 2013). HSF-1 and DAF-16/ FOXO also work in parallel in IIS by inducing common targets, including small heat shock proteins (Hsu et al. 2003; Murphy et al. 2003) . For example, both DAF-16-and HSF-1-binding motifs exist in the promoter regions of genes encoding several heat shock proteins (GuhaThakurta et al. 2002; Hsu et al. 2003; Murphy et al. 2003; Xu and Kim 2012; Tepper et al. 2013 ). In addition, HSF-1 overexpression promotes longevity through increasing DAF-16 activity (Hsu et al. 2003; Douglas et al. 2015) . However, it remained unclear whether and how a linear process between HSF-1 and FOXO contributes to longevity responses. Here, we show that the up-regulation of PFD-6 via HSF-1 increases the transcriptional activity of DAF-16/FOXO. Therefore, PFD-6 appears to promote longevity by acting in a linear pathway from HSF-1 to DAF-16/FOXO under reduced IIS.
A genome-wide RNAi screen identified novel daf-2(−) longevity-regulating factors C. elegans is an excellent model organism to identify novel functions of genes through genetic screens. A previous genome-wide RNAi screen identified genes that are required for longevity conferred by daf-2 mutations (Samuelson et al. 2007) . Among them, a high fraction of genes is involved in vesicle transport, such as vps-16 (vacuolar protein sorting 16). Despite no direct overlap between the previous study (Samuelson et al. 2007 ) and the present work, our screen identified a vacuolar protein, vps-4 (Fig. 1E) , suggesting that proper vesicle transport is crucial for daf-2(−) longevity. It will be interesting to determine how vesicular transport regulates longevity conferred by reduced IIS in future research.
PFD-6 appears to affect longevity as a component of the R2TP/prefoldin-like complex
The prefoldin complex is composed of PFD-1 through PFD-6 and acts as a chaperone for the proper folding of many essential proteins, including actins and tubulins (Vainberg et al. 1998; Lundin et al. 2010; Millan-Zambrano and Chavez 2014 Arrowheads indicate PFD-6::GFP in the intestine, hypodermis, neurons, or muscles. Bars, 50 µm. (B,C) The longevity of daf-2 (e1370) [daf-2(−)] mutants was significantly decreased by intestine {rde-1(ne219); kbls7 [nhx-2p::rde-1; rol-6D]}-specific pfd-6 RNAi (B) or hypodermis {rde-1(ne219); kzls9[lin26p::nls::gfp; lin-26p::rde-1; rol-6D]}-specific pfd-6 RNAi (C). We noticed that life span-decreasing effects of the intestine-or the hypodermis-specific pfd-6 RNAi were greater than the life span-decreasing effects of pfd-6 RNAi on rde-1(−); daf-2(−) animals (Supplemental Fig. S3D ). (D,E) Muscle {rde-1 (ne219); kzls20[hlh-1p::rde-1, sur-5p::nls:: gfp]}-specific (D) or neuron {sid-1(pk3321); uIs69[myo-2p::mCherry; punc-119::sid-1)]}-specific (E) pfd-6 RNAi did not affect the life span of daf-2(+) or daf-2(−) animals. We confirmed the efficiency of neuron-and muscle-specific pfd-6 RNAi knockdown using fluorescence-tagged PFD-6 proteins (Supplemental Fig. S3F-I ). See Supplemental Table S4 for statistical analysis and additional repeats.
contain core actin filaments and are important for cytoskeletal integrity (McGee et al. 2011) . ACT-5 (actin 5), a potential target of the prefoldin complex, is required for the formation of microvilli in intestinal cells (MacQueen et al. 2005 ). Overexpression of a modified HSF-1 extends life span and enhances cytoskeletal integrity (Baird et al. 2014) . In addition, the chaperonin activity of the TRiC/ CCT complex, which works together with the prefoldin complex for cytoskeletal integrity (Vainberg et al. 1998 ), contributes to longevity in C. elegans (Noormohammadi et al. 2016 ). Therefore, we tested whether the genetic inhibition of pfd-6 affected the cytoskeletal integrity in daf-2 mutants during aging. We used filamentous actin (F-actin) reporter Lifeact::gfp-expressing C. elegans (Farooqui et al. 2012) and found that genetic inhibition of pfd-6 did not affect the Lifeact::GFP expression pattern in wild-type or daf-2 mutant worms (Supplemental Fig. S8 ). These data are consistent with the possibility that pfd-6 regulates the longevity of daf-2 mutants independently of the maintenance of cytoskeletal integrity. However, one caveat of this interpretation is that we used a hypomorphic mutant allele of pfd-6, as pfd-6-null mutations cause semiembryonic lethality and larval arrest. Thus, it will be crucial to further examine the relationship between prefoldins, aging, and cytoskeletal integrity with comprehensive genetic and biochemical tools in future studies.
The R2TP/prefoldin-like complex is expressed in the nucleus as well as cytoplasm (Millan-Zambrano and Chavez 2014) , consistent with our results regarding PFD-6 expression (Fig. 3A) . The R2TP/prefodin-like complex promotes assembly of RNA polymerase II in the cytoplasm (Boulon et al. 2010) . Several molecular functions of the nuclear R2TP/prefodin-like complex have also been discovered (Millan-Zambrano and Chavez 2014) . C. elegans uri-1 is required for DNA stability (Parusel et al. 2006) . Mammalian UXT is a cofactor of the NF-κB enhanceosome, which promotes the induction of NF-κB target gene expression (Sun et al. 2007 ). In addition, a large fraction of nuclear proteins that bind the R2TP/prefodlinlike complex are transcription factors (Millan-Zambrano and Chavez 2014) . A previous study also reported that PFD-6 physically interacts with DAF-16/FOXO by using mass spectrometry (Riedel et al. 2013) . Consistent with this, we showed that PFD-6 bound DAF-16/FOXO in the nucleus as well as cytoplasm using an in vivo split-GFP system assay ( Fig. 7H; Supplemental Fig. S7J ). Thus, PFD-6 as a component of the R2TP/prefoldinlike complex is crucial for the longevity of daf-2(−) mutants through regulating the transcriptional activity of DAF-16/FOXO.
The tissue-specific requirement of PFD-6 is consistent with that of HSF-1 and DAF-16/FOXO
The activities of HSF-1 and DAF-16/FOXO in several tissues have been shown to contribute to the longevity of daf-2 mutants (Libina et al. 2003; Morley and Morimoto 2004; Zhang et al. 2013; Douglas et al. 2015 Figure 4 . Prefoldin-like complex components are required for the long life span of daf-2 mutants. (A) Schematic model of the R2TP/prefoldin-like complex and the prefoldin complex in mammals; the R2TP/prefoldin-like complex interacts with RNA polymerase II in the cytoplasm to help its assembly, and the prefoldin complex is composed of PFD-1, PFD-2, PFD-3, PFD-4, PFD-5, and PFD-6, which bind to nascent actin or tubulin polypeptides. Prefoldin complex-bound polypeptides are transferred to TRiC/CCT chaperonin for proper folding.
(B) Yeast two-hybrid screening with fulllength PFD-6 as bait was performed using the yeast PBN204 strain. The interaction was validated using nutritional selection (ADE2) for the growth assay. See Supplemental Table S7 for the description of candidate genes. (C-F ) Several R2TP/prefoldinlike complex components were required for life span extension caused by reduced IIS. RNAi targeting ruvb-1 (C), ruvb-2 (D), uri-1 (E), or pfd-2 (F) significantly decreased the long life span of daf-2(e1370) [daf-2(−)] mutants. Knockdown of potential UXT homolog F35H10.6 did not affect the life span of wild-type, daf-2(−), pfd-6(−), or pfd-6; daf-2 mutants (Supplemental Fig. S4C,G) . See Supplemental Table S5 for statistical analysis and additional repeats.
2004; Douglas et al. 2015) . In addition, a transgene that expresses a dominant-negative HSF-1 in neurons or body wall muscles shortens the long life span of age-1/PI3 kinase mutants (Morley and Morimoto 2004) . Transgenic expression of daf-16/FOXO in the intestine, neurons, or hypodermis also partially restores the longevity of daf-2(−) mutants (Libina et al. 2003; Zhang et al. 2013 ). Here, we performed life span assays with tissue-specific RNAi targeting hsf-1 and daf-16 and found that knockdown of hsf-1 or daf-16 in the intestine, hypodermis, or muscles significantly decreased longevity in daf-2(−) mutants. Overall, these findings are in part consistent with our data using PFD-6, whose activities in the intestine and hypodermis were crucial for the longevity of daf-2 mutants. Moreover, we found that PFD-6 bound DAF-16/FOXO in vivo. Therefore, a life span-regulating pathway from HSF-1 to DAF-16/FOXO through PFD-6 appears to act together at least in these two tissues: the intestine and hypodermis. It will be important to determine whether the communication among HSF-1, PFD-6, and DAF-16/FOXO is strictly tissue-autonomous or has tissue-nonautonomous features.
HSF-1 may up-regulate HSP-70 and HSP-90, which in turn stabilize PFD-6 with reduced IIS How does up-regulated HSF-1 increase PFD-6 protein levels in daf-2 mutants? In flies and mammals, the R2TP/prefoldin-like complex functions with chaperones HSP70 and HSP90 (Boulon et al. 2010; Benbahouche Nel et al. 2014) , both of which are targets of HSF-1 (Vihervaara and Sistonen 2014; Dai 2018) . Consistently, we found that both C. elegans HSP-90 and HSP-70 bound PFD-6 (Supplemental Fig. S9 ). Based on these results, we speculate that HSP-70 and HSP-90, which are up-regulated by HSF-1 in daf-2 mutants, bind and stabilize PFD-6 to contribute to longevity.
The R2TP/prefoldin-like complex may play roles in aging or age-related diseases through heat shock factors and FOXO transcription factors
The physiological roles of heat shock factors and FOXOs in aging and age-related diseases are relatively well established. As master transcription factors for the induction of cytosolic chaperones, heat shock factors are crucial for modulating proteostasis-related and age-associated diseases, including Alzheimer's and Parkinson's diseases (Gomez-Pastor et al. 2018) . Multiple studies with human populations have indicated that polymorphisms in FOXO3A are linked to longevity (Kenyon 2010; Tazearslan et al. 2012; Webb and Brunet 2014; Martins et al. 2016) . Therefore, it will not be surprising to find that heat shock factors and FOXO transcription factors act together to influence aging and age-associated diseases in mammals, consistent with discoveries made using C. elegans. Prefoldin and R2TP/prefoldin-like complex components, including PFD-6, are evolutionarily conserved from archea to humans. Although the role of the recently discovered R2TP/prefoldin-like complex in diseases remains unexplored, prefoldin complex components are implicated in protecting against Huntington's and Alzheimer's diseases Tashiro et al. 2013) . Therefore, it will be interesting to test whether PFD-6 or the R2TP/prefoldin-like complex plays roles in age-related diseases or longevity in mammals through working with heat shock factors or FOXOs.
Materials and methods
Strains
The following strains were used in this study.
Some strains were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health Office of Research Infrastructure Programs (P40 OD010440). The strains were N2 wild type, CF1041: daf-2(e1370) III, CF2495: hsf-1(sy441) I, CF1085: daf-16(mu86) I; daf-2(e1370) III, IJ462: pfd-6 (gk493446) I, IJ485: pfd-6(gk493446) I; daf-2(e1370) III, IJ547: C54C8.3(gk896531) I, IJ548: C54C8.3(gk896531) I; daf-2(e1370) III, IJ479: ntl-2(gk390728) II, IJ480: ntl-2(gk390728) II; daf-2 (e1370) III, IJ373: fat-7(wa36) V, IJ389: daf-2(e1370) III; fat-7 (wa36) V, EQ150: hsb-1(cg116) IV, IJ1099: hsb-1(cg116) IV, IJ1105: pfd-6(gk493446) I; hsb-1(cg116) IV, CF1908: eat-2 (ad1116) II, CF2172: isp-1(qm150) IV, IJ109: rsks-1(tm1714) III, CF2553: osm-5(p813) X, IJ7: vhl-1(ok161) X, pfd-6(tm3759) I/hT2[bli-4(e937) let-? (q782) Figure 6 . PFD-6 up-regulates a large subset of DAF-16 target genes in daf-2 mutants. (A) Scatter plots show the comparison of gene expression between wild-type and daf-2 (e1370) [daf-2(−)] or wild-type and pfd-6 (gk493446, RNAi); daf-2(e1370) [pfd-6(−); daf-2(−)] animals. Black dots indicate gene expression in daf-2 mutants compared with wild type, whose levels were significantly increased (fold change >1.50; P < 0.05; left) or decreased (foldchange<0.67; P < 0.05;right).Red dots indicate expression levels in pfd-6; daf-2 mutants compared with wild type. See Supplemental Table S8 for the list of up-regulated or down-regulated genes in daf-2 mutants compared with wild-type or pfd-6; daf-2 double mutants. (B,C) Overrepresented GO terms of up-regulated (B) or down-regulated (C) genes that are shown in A. ( * ) P < 0.05; ( * * ) P < 0.01; ( * * * ) P < 0.001. (D-F) Venn diagrams indicate overlapping genes whose expression was increased by daf-2 mutations in a pfd-6-and daf-16-dependent (Riedel et al. 2013 ) (D), pfd-6-and skn-1-dependent ) (E), or pfd-6-and smg-2-dependent A genome-wide RNAi screen A genome-wide RNAi screen was conducted as described previously with modifications (Lee et al. 2010) . Escherichia coli (HT115) bacteria expressing dsRNA targeting C. elegans genes were cultured in 96-well plates for 16 h at 37°C. The plates were then duplicated into 200 µL of LB that contained 50 µg/mL ampicillin (Usb Corp.) and cultured for 16 h at 37°C. dsRNA expression was induced by the addition of 4 mM isopropyl β-d-thiogalactoside (IPTG) (Gold Biotechnology) for 2 h at 37°C. After pelleting E. coli by centrifugation at 2000 rpm for 10 min to remove LB liquid, the bacteria were resuspended in 100 µL of NG liquid containing 50 µg/mL ampicillin and 4 mM IPTG. Synchronized L1 larvae of N2 and hsf-1(sy441) animals were prepared by performing bleaching (Stiernagle 2006) and subsequent overnight starvation in liquid M9 buffer. Approximately 15-20 N2 or hsf-1(sy441) L1 larvae were deposited into each well of 96-well plates containing dsRNA-expressing E. coli. After 3 d of incubation at 20°C, the sterility of N2 and hsf-1(sy441) was monitored by examining the existence of larval progeny. RNAi clones that enhanced the sterility of hsf-1(sy441) mutants but did not cause sterility in N2 animals were scored as positive hits. The positive hits from the initial RNAi screen were confirmed by repeating four times using liquid medium. To test the sterility on solid plates, gravid N2 and hsf-1 (sy441) worms were placed on control RNAi-seeded plates. After 1 d, one L1 worm was transferred to a new plate seeded with control RNAi or pfd-6 RNAi bacteria, and a total of 50 individual L1 worms was transferred onto 50 plates seeded with respective RNAi bacteria. The number of plates that contained egg-laying adults was then measured after 4 d of culture.
Life span assays
Life span assays were performed as described previously with modifications . Worms were maintained at 20°C for at least two generations before life span assays, which were performed at 20°C except for rsks-1(tm1714) mutants. The rsks-1 mutant life span assay was performed as described previously at 22.5°C (Seo et al. 2013) . To synchronize the other worm strains, gravid adults were allowed to lay eggs for 12 h on RNAi bacteria-seeded plates. The synchronized progeny were allowed to reach L4 stage, and ∼25-35 worms were transferred to plates seeded with gene-specific RNAi bacteria. FUdR. During life span experiments, worms that ruptured, burrowed, crawled off the plates, or had internal hatching of progeny were censored but were included for statistical analysis, which was performed by using OASIS 2 (online application of survival analysis; http://sbi.postech.ac.kr/oasis2) (Yang et al. 2011; Han et al. 2016) .
Sequence alignment for PFD-6
Amino acid sequence alignments of PFD-6 among species were conducted by using ClustalW2 format (McWilliam et al. 2013 ; http://www.ebi.ac.uk/Tools/msa/clustalw2) and ClustalX (Jordan and Piel 2008; http://www.clustal.org/clustal2).
Schematic domain structure of PFD-6
The exon-intron pattern of genomic pfd-6 was made by using Exon-Intron Graphic Maker (http://wormweb.org/exonintron).
Plasmid construction and generation of transgenic worms
The 832-base-pair (bp) region of the pfd-6 promoter and pfd-6 genomic DNA were amplified and cloned into pPD95.75 by using the In-Fusion cloning kit (CloneTech). Plasmids for split GFP assays were generated as described previously (Jeong et al. 2017) . The intestine-specific promoter region of vha-6 (893 bp) was inserted into pPD95.75 using the In-Fusion cloning kit. The GFP N-terminal (GFP1-10) or GFP C-terminal (GFP11) region was then inserted into a linearized vha-6 promoter-containing pPD95.75 vector using the In-Fusion cloning kit. daf-16 isoform a (1526 bp), hsf-1 cDNA (2015 bp), pfd-2 cDNA (425 bp), hsp-90 cDNA (2108 bp), or hsp-70 (C12C8.1; 2069 bp) genomic DNA (gDNA) was then inserted into the linearized vha-6p::GFPN vector using the In-Fusion cloning kit. pfd-6 cDNA (380 bp) was inserted into the linearized vha-6p::GFPC vector using the In-Fusion kit. To generate a neuron-specific pfd-6 expression plasmid, a promoter region of unc-119 (1964 bp) and genomic pfd-6 DNA (608 bp) were inserted into pPD95.75 with the In-Fusion cloning kit. For muscle-specific pfd-6 expression, an hlh-1 promoter (2000 bp), genomic pfd-6 DNA (608 bp), and mCherry (711 bp) sequences were cloned into pPD95.75 using the In-Fusion cloning kit. For rpl-28p::lifeact:: eGFP, the rpl-28 promoter was inserted into pPD95.75, and the GFP region of pPD95.75 was substituted by lifeact::eGFP obtained from PCR amplification using pTK92-lifeact-GFP as a template (Addgene). The F35H10.6/UXT RNAi construct was made by the insertion of the F35H10.6/UXT (596 bp)-coding sequence from ATG into L4440 using the In-Fusion cloning kit. For generation of transgenic animals, 25 µg/µL DNA construct was injected into the gonad of day 1 adult worms with 75 µg/µL coinjection marker, odr-1p::rfp, unc-122p::rfp, or pRF4 [rol-6(su1006)], except for 6.25 µg/µL rpl-28p::lifeact::eGFP.
Yeast two-hybrid screening
Yeast two-hybrid screen was performed as described previously with modifications (Kim et al. 2008) by Panbionet (http:// panbionet.com). The full length of pfd-6 cDNA (381 bp) was amplified by PCR. The PCR product was cloned into pGBKL vector, which contains the DNA-binding domain (BD) of GAL4. Screening was conducted with cotransformation of GAL4 DNA-BDfused PFD-6 and a C. elegans cDNA activation domain (AD) library in pPC86 vector. Yeast strain PBN204 (Panbionet) was used, and two different reporter genes-URA3 and ADE2-were used as selection markers. Yeast transformants of the pfd-6 bait and the C. elegans cDNA AD library were spread on selection medium lacking leucine and tryptophan (SD−LW). From 8.2 × 10 6 colonies, 640 colonies grew on medium lacking leucine, tryptophan, and uracil (SD−LWU). Among them, 147 colonies grew on medium lacking leucine, tryptophan, and adenine (SD−LWA). In order to confirm the interaction, the prey genes of 147 candidates were amplified by PCR or transformation of E. coli and retransformed into PBN204 with the PFD-6 bait plasmid. Subsequently, 75 clones were confirmed as real positives.
Construction of plasmids for a yeast two-hybrid assay cDNAs used in this assay were amplified by PCR using a C. elegans cDNA library as a template. The 381-bp region of pfd-6 and 1593 bp of daf-16 were amplified and cloned into pGBKT7 or pGADT7 (Addgene) by using the In-Fusion cloning system. Transformant yeasts containing GAL-4 DNA-BD-fused PFD-6 and GAL-4 AD-fused DAF-16 were spread on a master plate (SD−LW). After 3 d, colonies were replicated on selective plates (SD−LWA). Four micrograms of DNA were used. Because Gal4 AD-DAF-16 transformed yeast displayed growth defects, the interaction between Gal4 DNA-BD-DAF-16 and AD-PFD-6 was tested for yeast two-hybrid assay.
Imaging transgenic animals
Microscope imaging was performed as described previously with some modifications (Artan et al. 2016 ). Animals were prepared at mixed stages and transferred onto a 2% agarose pad on glass with 100 mM sodium azide (Daejung). The images of worms were captured by using an AxioCam HRc CCD digital camera (Zeiss Corporation) with a Zeiss Axio Scope A1 compound microscope (Zeiss Corporation). ImageJ (Java-based image processing program; National Institutes of Health, http://rsbweb.nih.gov/ij) was used for the quantification of fluorescent images. The double-RNAi method for Supplemental Figure S5 was used as described previously with some modifications (Rea et al. 2007 ). HT115 bacteria for control RNAi, daf-2 RNAi, hsf-1 RNAi, or daf-16 RNAi were cultured in LB medium to optical density (OD 590 ) 0.9∼1.0. Bacteria expressing daf-2 dsRNA were mixed at a 1:1 ratio with those expressing control dsRNA, hsf-1 dsRNA, or daf-16 dsRNA. Mixed or single dsRNA-expressing bacteria (100 µL) were seeded onto 50 µg/mL ampicillin-containing NGM plates. IPTG (1 mM) was added and incubated overnight at room temperature. Transgenic worms for the fluorescent imaging (Supplemental Fig. S8 ) were prepared with the same method that was used for the RNAi-mediated life span assays. The confocal images in Figure 3A were acquired by using Nikon confocal microscopy (A1Rsi) at the Brain Research Core Facilities of the Korea Brain Research Institute (KBRI).
mRNA extraction and quantitative qRT-PCR assays mRNA extraction and qRT-PCR were performed as described previously with some modifications . N2, pfd-6(gk493446), daf-2(e1370), and pfd-6(gk493446); daf-2 (e1370) animals were grown on control RNAi-seeded plates until L4 stage and transferred to control RNAi-seeded or pfd-6 RNAiseeded plates containing FUdR. Synchronized day 1 adult worms were harvested using M9 buffer after two washes and frozen in liquid nitrogen. Total RNA was extracted using RNAiso plus (Takara), and cDNA libraries were obtained from reverse transcription (Promega) with random primers. qPCR was conducted using a StepOne real-time PCR system (Applied Biosystems) with SYBR Green master mix (Applied Biosystems). Two technical repeats were averaged for one biological sample and analyzed pellet was resolved with a lysis buffer (20 mM Tris⋅HCl at pH 7.4, 10 mM KCl, 10 mM MgCl 2 , 2 mM EDTA, 10% glycerol, 1% Triton X-100, 2.5 mM β-glycerophosphate, 1 mM NaF, 1 mM DTT, 1 mM PMSF, protease inhibitor mixture [Biovison] ). The cell lysates were sonicated (power output 30 W), and 210 mM NaCl was added. The lysates were incubated for 1 h at 4°C on an endover-end rotator and subsequently centrifuged at 13,000g for 20 min at 4°C. A total of 2 mg of protein was incubated for 1 h∼over-night with Flag antibody (Sigma). Protein G agarose was added (GE Healthcare) and then incubated for 1 h at 4°C on an endover-end rotator. The mixture was washed three times with a wash buffer (20 mM Tris⋅HCl at pH 7.4, 500 mM NaCl, 10 mM MgCl 2 , 2 mM EDTA, 1% Triton X-100) with centrifugation at 800g for 1 min. The mixture was denatured by using 2× SDS sample buffer (Bio-Rad) at 95°C, and proteins were detected by using standard Western blot assays. Primary antibodies against HA (1:2000; Sigma) and Flag (1:5000; Sigma) were used with anti-rabbit (1:5000; Thermo) and anti-mouse (1:5000; Thermo) secondary antibodies, respectively.
Western blot assays with C. elegans samples
Western blot assay using C. elegans was performed as described previously (Jeong et al. 2017 ).
